ABSTRACT: The mechanism of knee osteoarthritis development after anterior cruciate ligament injuries is poorly understood. The objective of this study was to evaluate knee gait variables, muscle co-contraction indices and knee joint loading in young subjects with anterior cruciate ligament deficiency (ACLD, n ¼ 36), versus control subjects (n ¼ 12). A validated, electromyography-informed model was used to estimate joint loading. For the involved limb of ACLD subjects versus control, muscle co-contraction indices were higher for the medial (p ¼ 0.018, effect size ¼ 0.93) and lateral (p ¼ 0.028, effect size ¼ 0.83) agonist-antagonist muscle pairs. Despite higher muscle co-contraction, medial compartment contact force was lower for the involved limb, compared to both the uninvolved limb (mean difference ¼ 0.39 body weight, p ¼ 0.009, effect size ¼ 0.70) as well as the control limb (mean difference ¼ 0.57 body weight, p ¼ 0.007, effect size ¼ 1.14). Similar observations were made for total contact force. For involved versus uninvolved limb, the ACLD group demonstrated lower vertical ground reaction force (mean difference ¼ 0.08 body weight, p ¼ 0.010, effect size ¼ 0.70) and knee flexion moment (mean difference ¼ 1.32% body weight Ã height, p ¼ 0.003, effect size ¼ 0.76), during weight acceptance. These results indicate that high muscle co-contraction does not always result in high knee joint loading, which is thought to be associated with knee osteoarthritis. Long-term follow-up is required to evaluate how gait alterations progress in non-osteoarthritic versus osteoarthritic subjects. ß
In the United States, 400,000 individuals sustain anterior cruciate ligament (ACL) injuries annually. 1 ACL injuries are common in sports that require cutting and pivoting. A systematic review and metaanalysis has shown that ACL injury predisposes knees to subsequent development of osteoarthritis (OA). 2 Multiple biological and mechanical factors are related to the onset and development of premature knee OA after an ACL injury, 3 including altered knee gait mechanics and joint loading. The prevalence of medial compartment knee OA, compared to lateral compartment knee OA, has been explained, at least in part, by the greater load in medial versus lateral knee compartment during gait. 4 From a rehabilitation perspective, improved understanding of knee gait mechanics and joint loading will inform strategies aimed at delaying progression of OA after ACL injury.
The absence of a functioning ACL during gait causes excessive anterior tibial translation (ATT) and can lead to joint instability. 5 A knee stiffening adaptation (low peak knee flexion angle, pKFA) with high antagonistic muscle co-contraction (i.e., simultaneous activation of muscles crossing anterior and posterior aspects of the knee) provides stability to the knee joint. 5, 6 While this adaptation aids in maintaining stability, high muscle co-contraction is thought to result in high joint loads, in turn, negatively influencing knee cartilage integrity. High muscle-contraction was reported in these studies, 5, 6 but joint loading was not evaluated. Alterations in muscle co-contraction are also accompanied with changes in knee gait kinetics. Low external peak knee flexion moment (pKFM) during weight acceptance 7 and changes in peak knee adduction moment (pKAM), particularly in the case of a varus deformity, 8 are hallmarks of gait alterations after an ACL injury.
When only one or few biomechanical variables exhibit abnormal values, the implication of the change on joint loading is straightforward to interpret. However, in the case of alterations in multiple gait variables at the same time, as is observed in an ACLD population, the resultant impact on joint loading is far less clear. For instance, even though high muscle cocontraction, by itself, would result in high joint loads, the changes in muscle co-contraction may be offset by differences in knee gait mechanics or muscle strength. It remains to be investigated whether increased muscle co-contraction in an ACLD population results in increased joint loading. Given that an ACLD population exhibit alterations in both knee gait mechanics as well as muscle activity, estimation of joint loading necessitates the use of validated electromyography (EMG) informed neuromusculoskeletal (NMS) modeling techniques, which incorporate subject-specific knee gait mechanics as well as EMG.
The purpose of this study was to evaluate knee gait mechanics, muscle co-contraction indices, muscle forces, and joint loading in subjects with ACL deficiency. We hypothesized that, compared to control subjects, the ACLD subjects would demonstrate greater muscle co-contraction, muscle forces, and medial compartment loading in the involved knee.
METHODS
The current study design provides level III evidence. The study incorporated 36 subjects with unilateral anterior cruciate ligament (ACL) injury, 9 tested at an average of eight weeks following injury ( Table 1 ). The Institutional Review Board at the University of Delaware approved the study, and each subject provided written informed consent. Each subject was a regular participant in level I-II cutting and pivoting activities 10, 11 prior to injury. Minimal knee joint effusion, full knee range of motion, and isometric quadriceps strength criteria of at least 70% of the uninvolved limb were required for inclusion. 12 Exclusion criteria encompassed concomitant repairable meniscus injuries, grade III injury to other knee ligaments, full-thickness articular cartilage lesions greater than 1 cm 2 , and bilateral knee involvement. Each subject completed multiple gait trials wearing shoes. Kinematic variables were recorded using an infrared motion analysis system (8 cameras, Vicon, Oxford Metrics Limited, London, UK) and retroreflective markers at a sampling rate of 120 Hz. Retroreflective markers were placed bilaterally on bony landmarks (medial/lateral metatarsal heads, malleoli, femoral condyles, and greater trochanters of the hips) to determine joint centers and segment lengths. 13 For tracking motion, rigid four-marker shell clusters were attached to the pelvis as well as the distal/lateral aspects of thigh and shank. Based on weight-bearing posterior-anterior radiographs from a subset of the population (4 men, 4 women, average age ¼ 30 years), tibial plateau width was estimated as a proportion (92.5%) of the femoral width, available from femoral retroreflective markers. Subjects walked at selfselected speed along a 20-m walkway, with speed maintained within AE 5% during the testing session, until eight walking trials were recorded for each leg. From the eight walking trials recorded for each leg, five trials were used for data analysis. Two photoelectric beams (Brower Timing Systems, Draper, UT) were used to measure speed. Ground reaction forces were recorded using one embedded force platform (600 Â 900 mm 2 , Bertec Corporation, Worthington, OH) at a sampling rate of 1,080 Hz. Kinematic/kinetic data were low-pass filtered at 6 and 25 Hz, respectively. Stance phase knee kinematics/kinetics were processed in Visual3D (C-Motion, Germantown, MD), and external knee joint moments expressed in the tibial coordinate system were computed. The knee gait variables included peak knee flexion angle/moment (pKFA/pKFM) and peak knee adduction angle/moment (pKAA/pKAM), each during weight acceptance. Moments were normalized to % body weight Ã height (% BW Ã HT). 14 Anteroposterior tibial translations (APTT) were computed by converting the femoral translation to that of the tibia relative to the femur. 15, 16 Surface electromyography (EMG) data were also collected during gait. 17 EMG electrode placement was based on recommendations of the SENIAM (Surface Electromyography for the Non-Invasive Assessment of Muscles) project. 18 EMG data were sampled at 1,080 Hz using a MA-300 EMG system (Motion Lab Systems, Baton Rouge, LA) and bandpass filtered (20-500 Hz). Data were recorded from electrodes placed bilaterally over muscle bellies of seven muscles crossing the knee joint: Medial/lateral hamstrings (MH, LH), medial/lateral gastrocnemii (MG, LG), rectus femoris (RF), and medial/lateral vasti (VM, VL). For each muscle, EMG data were high-pass filtered (second order Butterworth, cutoff ¼ 30 Hz), rectified, low-pass filtered (cutoff ¼ 6 Hz) to create linear envelopes, and normalized to maximum EMG. Maximum EMG values were based on maximum voluntary isometric contractions (MVIC). When EMG during gait exceeded MVIC, maximum EMG value from the gait trial was used for normalization, to ensure that maximum normalized EMG value is less than or equal to one. Activation for vastus intermedius (VI) was assumed as the average of activations recorded from VM and VL. Quadriceps index (QI) was calculated as the value of involved leg MVIC divided by uninvolved leg MVIC, expressed as a percentage. 6 Cocontraction indices (CCIs) were calculated for the following extensor-flexor muscle pairs: VM-MH, VM-MG, VL-LH, and VL-LG; as well as the following medial-lateral muscle pairs: MH-LH, MG-LG, and VM-VL. The interval from 100 ms before initial contact to pKFA 6 was selected, and CCI was evaluated using the following formula:
where, Low EMG and High EMG were less active (low) and more active (high) normalized EMG signals respectively, at each instance, i. The time series curves thus obtained were used to calculate average CCI. 19 Next, linear envelopes from the muscles were used in a validated EMG-informed neuromusculoskeletal (NMS) model. 20 Muscle force estimation using an EMG-informed MUSCLE CO-CONTRACTION AND JOINT FORCES NMS model has been described in detail previously. 21 The model incorporates subject-specific anatomical scaling (for muscle moment arm estimation) and calibration (for muscle force estimation), and minimizes the squared difference between net internal and external sagittal plane knee moments. Subject-specific muscle-tendon lengths and moment arms (SIMM 6.0, Musculographics Inc., Chicago, IL) are estimated using gait kinematics. Calibration includes adjustment of two global strength coefficients, as well as parameters in the muscle activation and muscle contraction portions of the model. In the muscle activation portion, EMG is transformed to a muscle activation measure, which is described by electromechanical delay and a shape factor for characterizing non-linear EMG to force relationship. In the muscle contraction portion, muscle activation is transformed to muscle force. Muscle contraction is characterized by two parameters, optimal fiber length and tendon slack length, and is a Hill-type representation of a muscle fiber in series with tendon.
Muscle forces and frontal plane moment arms were then used to balance external frontal plane knee moment. 22 This provided subject-specific predictions of medial compartment, lateral compartment and total joint contact force, averaged for three walking trials. The variables reported here are muscle forces, vertical ground reaction force (VGRF), medial compartment contact force (MCCF), lateral compartment contact force (LCCF), total contact force (TCF), and the ratio of MCCF to TCF, each at pKFA during weight acceptance. Forces were normalized to body weight (BW).
Knee gait variables, CCIs, muscle forces, and knee joint loading variables were also computed for 12 control subjects (Table 1) . Paired t-tests were used to confirm that variables of interest did not differ between limbs for the control group (Tables S1-S4 ). Next, respective values for two control limbs per control subject were averaged (hereby referred to as control limb) for comparison with the involved/uninvolved limbs of the ACLD group. For the ACLD versus control group, chi-square tests were used to test differences in sex, while independent t-tests were used to test differences in age and walking speed. Statistical significance for all tests was set at a ¼ 0.05 and the effect size (Cohen's d > 0.8, signifying large effect) was also computed. One-way analysis of variance (ANOVA), Tukey's honest significant difference, and when available, minimum detectable change (MDC) values 17 were used to compare the involved and uninvolved limb variables of the ACLD group to the control limb. For the involved and uninvolved limb variables of the ACLD group, Pearson correlation coefficients were computed for CCIs versus joint contact force, joint contact force versus VGRF, and frontal plane kinematic/kinetic variables versus MCCF. Statistical analysis was conducted using JMP (Cary, NC).
RESULTS
The ACLD versus control group demonstrated no differences in sex, age, mass, height, or walking speed (Table 1) .
Knee Gait Variables
The uninvolved limb of the ACLD group demonstrated significantly larger pKFA compared to the control limb ( Table 2 ). The absolute difference between mean values was 5.37˚, which is greater than the MDC of 2.9˚.
The involved limb of the ACLD group demonstrated significantly lower pKFM compared to the uninvolved limb ( Table 2 ). The absolute difference between mean values was 1.32% BW Ã HT, which is greater than the MDC of 0.9% BW Ã HT. There were no significant differences in pKAA, pKAM, and APTT at pKFA between involved, uninvolved, and control limbs ( Table 2) .
Quadriceps Index (QI) and Muscle Co-Contraction Indices (CCIs) For the ACLD group, the mean (AEstandard deviation) QI was 86 (AE13), signifying that quadriceps MVIC in the involved limb was 86% of the corresponding value in the uninvolved limb.
For the VM-MH, VL-LH, and MH-LH muscle pairs, the involved limb of the ACLD group demonstrated a significantly greater CCI, compared to the control limb ( Figs. 1 and 2) .
Also for the VL-LH muscle pair, the uninvolved limb of the ACLD group demonstrated a greater CCI, compared to the control limb, and this difference approached significance (Fig. 1) .
No differences were present for any other muscle pairs. Mean normalized muscle activation levels during stance phase are shown in Figures S1 and S2.
Muscle Forces
At pKFA, both the involved and uninvolved limbs of the ACLD group demonstrated a significantly lower MG muscle force, compared to the control limb (Table 3) . LG muscle force was significantly lower for the involved limb, compared to both the uninvolved and control limbs (Table 3) . VM, VL, and VI muscle forces were significantly lower for the involved limb, compared to the uninvolved limb (Table 3) .
No differences were present for any other muscle forces. Mean muscle forces during stance phase are shown in Figures S3 and S4 .
Vertical Ground Reaction Force and Knee Joint Contact Forces At pKFA, the involved limb of the ACLD group demonstrated significantly lower VGRF compared to the uninvolved limb (Fig. 3) . The absolute difference between mean values was 0.08 BW.
The involved limb of the ACLD group also demonstrated a significantly lower MCCF compared to both the uninvolved and control limbs (Fig. 3) . The absolute difference between mean values was 0.39 BW (involved versus uninvolved limb) and 0.57 BW (involved versus control limb), which are greater than the MDC of 0.3 BW.
The involved limb of the ACLD group also demonstrated a significantly lower LCCF compared to the uninvolved limb (Fig. 3) . However, the absolute difference between mean values (0.43 BW) was smaller than the MDC of 0.61 BW.
For TCF, the results were similar to MCCF, with the involved limb of the ACLD group demonstrating a significantly lower value, compared to both the uninvolved and control limbs (Fig. 3) Mean vertical ground reaction force and joint contact forces during stance phase are shown in Figure S5 .
Pearson Correlation Coefficients
For the involved and uninvolved limb variables of the ACLD group, Pearson correlation coefficients are included in Tables S5-S9 . For CCIs versus joint contact force, no strong correlations were observed (Tables   S5-S7 ). For joint contact force versus VGRF in the involved limb, strong and significant positive correlations were observed for MCCF versus VGRF, as well as TCF versus VGRF (Table S8 ). For TCF versus VGRF in the uninvolved limb, a similar strong and significant positive correlation was observed (Table S8) . Finally, for frontal plane kinematic/kinetic variables versus MCCF in the involved limb, a strong and significant positive correlation was observed between pKAM versus MCCF (Table S9) .
DISCUSSION
The purpose of the study was to evaluate knee gait mechanics, muscle co-contraction indices (CCIs), muscle forces and joint loading in subjects with ACL deficiency (ACLD). Our hypothesis pertaining to the ACLD group demonstrating greater CCIs compared to controls during weight acceptance was supported ( Figs. 1 and 2 ). Significant differences and large effects were observed for both the medial and lateral extensor-flexor (agonist-antagonist) muscle pairs. These results are in general agreement with a study that compared muscle co-contraction in an ACLD versus MUSCLE CO-CONTRACTION AND JOINT FORCES control population. 23 High co-contraction in the ACLD limb represents an attempt to stabilize the knee in the absence of the passive restraint. 23 Greater muscle co-contraction in the ACLD versus control limbs, however, did not translate to greater muscle forces and greater medial compartment contact force (MCCF) in the ACLD limbs. Our hypothesis related to the ACLD group demonstrating greater muscle forces and MCCF compared to controls was not supported (Fig. 3) . In fact, muscle forces and MCCF were lower in the involved limb, compared to both uninvolved and control limbs. Similar results were observed for total contact force (TCF).
The key point we wish to convey is that higher muscle CCIs may not always result in higher joint contact forces. The rationale for the same can be attributed to the following:
1. Muscle weakness/atrophy is commonly seen after an ACL injury. 24 Weaker muscles may not generate the same amount of force as stronger muscles, despite similar levels of muscle activation. For the ACLD group in the current study, quadriceps MVIC in the involved limb was 86% of the corresponding value in the uninvolved limb. 2. Muscle CCI is based on muscle activations normalized to muscle-specific maximum isometric contractions. 6, 25 Muscle CCI represents neural factors (muscle activation capacity), but "not" the nonneural factors that also affect muscle force production, and consequently, the joint contact force. 3. Non-neural factors impacting muscle force include (but are not limited to) muscle fiber length, the type of contraction (eccentric vs. concentric), and the maximum force capacity (maximum isometric force) of a muscle. 21 Both muscle fiber length and muscle fiber velocity influence muscle force production in a complex and nonlinear manner at any given activation level (Fig. 4) . The operational values of these non-neural factors, in turn, are governed by subject-specific kinematics and musculoskeletal geometry. Therefore, without considering nonneural factors, it is difficult to accurately equate muscle activation to muscle force production.
Pertaining to the current study, the impact of each of these factors can be appreciated by comparing differences between ACLD and control subjects. For ACLD versus control limbs, even though muscle CCI was higher, a weaker muscle may not generate the same amount of force as a stronger muscle. Hence, higher muscle co-contraction in weaker muscles can result in smaller muscle forces, when compared to lower muscle co-contraction in stronger muscles. Using an example from the current dataset, for an ACLD limb with a high VM-MH CCI of 0.27, the VM muscle force at peak knee flexion angle (pKFA) was 0.2 BW. On the another hand, for a control limb with a lower VM-MH CCI of 0.11, the VM muscle force at pKFA was 0.5 BW. Using all muscle force estimates in the electromyography (EMG)-informed neuromusculoskeletal (NMS) model resulted in a MCCF value of 2 BW for the ACLD limb, and 3 BW for the control limb. While lower muscle forces after an ACL injury could be due to strength deficits as mentioned above, it could also be a result of these subjects avoiding the use their involved limb.
For sagittal plane kinematics, the uninvolved limb of the ACLD group demonstrated pKFA during weight acceptance, compared to controls. A recent study that measured the knee flexion angle for an ACLD versus control group 26 has reported greater knee flexion angle values for the involved limb, compared to controls, throughout the stance phase. In the present study, while the mean pKFA value for involved limb of the ACLD group was greater compared to controls, the difference was not significant. A greater pKFA in the ACLD limb can either be due to reduced quadriceps activation, or increased hamstrings activation, 27 ,28 with increased hamstrings activation being more likely. [28] [29] [30] Using the same example as above for the ACLD limb from the current dataset, the normalized and averaged VM and MH activations over the weight acceptance interval were 0.21 and 0.16, respectively. For the control limb, the normalized VM and MH activations were 0.16 and 0.08, respectively. These values are indicative of greater hamstrings activation in the ACLD limb, compared to the control limb. However, this does not necessarily translate to a larger MCCF in the ACLD limb, as was thought previously. 6 No strong correlations were observed for muscle CCIs versus knee joint loading (Tables S5-S7) , however, strong and significant positive correlations were present for knee joint loading versus vertical ground reaction force (VGRF , Table S8 ). While ACLD subjects may compensate for loss in knee joint stability by increasing muscle co-contraction ( Figs. 1 and 2) , simultaneously, they may also step more "lightly" (i.e., lower MUSCLE CO-CONTRACTION AND JOINT FORCES VGRF, Fig. 3 ) on their involved limb. This could be due to fear of reinjury and apprehension. 31 These combined strategies lead to smaller, rather than greater knee joint loading (Fig. 3 ) due in part to the stronger influence of VGRF (vs. co-contraction) on knee joint loading. The magnitude of VGRF can affect the magnitude of the net peak knee flexion moment (pKFM), such that a lower VGRF results in lower pKFM. The magnitude of external pKFM was lower for the involved versus uninvolved limb of the ACLD group (Table 2) , and is consistent with observations previously reported in the literature. 24 No differences were observed for peak knee adduction moment (pKAM; Table 2 ), even though MCCF was different between limbs (Fig. 3) . For pKAM versus MCCF in the involved limb of the ACLD group, a strong and significant positive correlation was observed (Table S9) . While a high magnitude of pKAM has been suggested as a mechanism for increased medial compartment loading and OA development, 32 the combined use of sagittal and frontal plane moments may better estimate medial compartment loading alterations. 33 Finally, while no differences in pKAM were present at this early post-injury time point, alterations may be present at long-term follow-up.
The results of the study highlight the usefulness of electromyography (EMG)-informed neuromusculoskeletal (NMS) modeling that incorporates knee gait mechanics and muscle co-contraction to estimate medial compartment loading. 30 While muscle cocontraction indices (or more appropriately, coactivation indices) can be computed using different methodologies, 6, 19, 34 using these indices alone to predict joint loading may lead to erroneous conclusions. When estimation of joint loading is not possible, cocontraction indices that are based on muscle joint moments (instead of muscle activation) may provide a better alternative. 19, 34, 35 From a clinical perspective, decreased knee joint loading (and not excessive loading) at early post-injury time points has been associated with knee osteoarthritis (OA), at least in a population that opts for reconstructive surgery. 36 For rehabilitation, evaluating knee joint loading can aid in determining the success of non-operative management in delaying the OA progression, and inform guidelines about returning to sport.
Our study findings should be interpreted with limitations in mind. The modeling process excludes all ligaments; hence, joint loading may have been underestimated. Model validation was conducted for an individual with a force recording prosthesis, 20 as measurement of in vivo joint contact forces during gait necessitates the use of a prosthesis. While not an ideal comparison, the surgical procedure does not retain the ACL, that is, the subject used for validation and the current ACL deficient population are similar in that regard. Thus, potential underestimation of loading may pertain only in the context of the posterior cruciate (PCL) and collateral ligaments. Given the range of knee flexion during weight acceptance, compared to range of knee flexion during which the PCL bears load, 37 the exclusion of the PCL would have a negligible impact on joint load estimates. However, the medial collateral ligament (MCL) can restrain anterior tibial translation during gait, particularly in the absence of the ACL. 38, 39 Hence, exclusion of MCL in the current study is a limitation. To the best of our knowledge, direct in vivo measurements of medial collateral ligament loading during gait (with and without an intact ACL) do not currently exist. A simulation study that included ligaments and estimated loading in an ACLD versus intact knee 40 has shown that the peak tibiofemoral joint reaction force was 5% lower in the ACLD knee than in the intact knee. While exclusion of ligaments in the current study is a limitation, any potential underestimation of loading, in absence of the ACL, would be limited, and affect all subjects equally. Further, two improvements resulting from blinded versus revised predictions in the in vivo validation study 20 were incorporated in the current study, to increase confidence in our results. The first and most important improvement in the validation study resulted from an accurate representation of tibial plateau width. In the current study, this measurement was estimated as a proportion of the femoral width available from femoral condyle markers, and verified using radiographs. The second improvement in the in vivo validation study resulted from separate tuning (and calibration) of walking versus medial thrust gait. In the current study, one walking trial was used to predict three separate walking trials, for each subject. The third and least significant improvement in the in vivo validation study (allowing contact to shift in the frontal plane) was not incorporated in the current study, and is a limitation. While this third improvement did not significantly alter in vivo validation results (blinded versus revised), the same may not be true for an ACL deficiency population. 41 Another option often employed for validation is ex vivo evaluation, wherein joint load/pressure can be measured without the use of a prosthesis. However, dynamic simulation of an entire gait cycle with active muscle control has traditionally proven challenging, thereby limiting interpretation. 42 Thus, both in vivo and ex vivo validation present their own set of unique challenges for a population with ACL deficiency. Continued efforts directed at both in vivo validation against a larger subject pool, as well as ex vivo validation with a knee simulator will aid in furthering confidence related to simulation results. Due to limited sample size, differences based on sex were not considered. ACL deficiency can introduce excessive anterior tibial translation 16, 41 and this may be related to knee OA. However, we were unable to discern a significant alteration in the current study (Table 2 and Fig. S6 ). 
